Abstract. Sr isotopic composition in carbonate rocks of the Baikit anteclise and Yenisei Ridge, western margin of the Siberian craton, has been analyzed. These rocks were formed between 1500-1450 and 850 Ma. 
Introduction
By now, ample data on the initial Sr isotope composition of marine carbonates have been acquired, and 87 Sr/ 86 Sr variations through geologic history have been shown to reflect the global balance of matter supplied to the ocean chiefly in the form of two fluxes: mantle-derived, with low 87 Sr/
86 Sr values, and continental, with higher Sr isotope ratios. Importantly, Sr isotopic composition is relatively constant across the world ocean at any given point along the geologic time scale, and it varies in keeping with the balance just mentioned. The established regularities in the behavior of Sr isotopes are used broadly to assess events of various scales in the upper geospheres and to tackle stratigraphic problems [Faure, 1986; Gorokhov et al., 1995] . Establishing Sr isotopic composition is crucial in pinpointing the episodes of supercontinental breakup and formation, because these processes are accompanied by global changes in the mantle/continent Sr balance in the ocean. The paper provides data from our study of Sr isotopic composition in carbonate The online version of this paper was published 16 July 2002. URL: http://rjes.wdcb.ru/v04/tje02096/tje02096.htm rocks of the Baikit anteclise, western Siberian craton (ca. 100 samples), and of the Yenisei Ridge (ca. 60 samples), that were formed between 1500-1450 and 850 Ma.
Geologic Framework and Stratigraphy
The Baikit anteclise sits on the west of the Siberian craton, and it is viewed as a vast oil and gas bearing structure, where productive strata are of Riphean age [Kontorovich et al., 1996] . The Riphean structural level of the Baikit anteclise exhibits several blocks with varying degree of dislocation and numerous faults, not infrequently with separation in excess of 1 km, so that different stratigraphic horizons are exposed at the pre-Vendian erosion surface. The Riphean stratigraphic pile is divisible into several sequences, in ascending order ( Figure 1 ): Zelendukonsky (quartz and quartz-feldspar sandstones, less frequently gravelstones, conglomerates, and siltstones), Vedreshevsky (greenish gray and dark gray mudstones with intercalations and horizons of siltstones and, sporadically, of limestones and dolomites), Madrinsky (dark gray mudstones, often silty, with thin intercalations and members of clayey dolomites and siltstones), Yurubchensky (gray and dark gray stromatolite dolomites and lumpy intraclastic dolomites with intercalations and members of quartz sandstones and sandy dolomites, espe- Figure 1 . Sea-level variations and Sr isotopic composition in the Riphean basin of the Baikit anteclise, Siberian craton. 1 -stromatolite limestones; 2-5 -dolomites: 2 -stromatolitic, from (a) columnar conophytic, (b) columnar branching, and (c) algal laminated stromatolites; 3 -granular oolitic lumpy pisolitic (a), oolitic lumpy intraclastic (b); 4 -(a) micritic siltitic, partly recrystallized, and (b) clayey; 5 -(a) sandy and sand-bearing, (b) silty and silt-bearing; 6 -mudstones (a) and silty mudstones (b); 7 -sandstones (a) cially in the lower part), Dolgoktinsky (mudstones and siltstones with intercalations and members of dolomites and siliciclastic sandstones), Kuyumbinsky (greenish gray and dark gray stromatolite dolomites and lumpy pisolitic intraclastic dolomites (occasionally limestones) with sporadic intercalations and members of silty sandstones and mudstones), Kopchersky (gray, dark gray, and greenish gray silty mudstones, dolomites, siltstones), Yuktensky (light gray, with greenish and cream hue, stromatolite dolomites and lumpy pisolitic intraclastic dolomites with members of siliciclastic sandstones in the lower part), Tokursky (greenish gray mudstones intercalated by dolomites), and Iremekensky (stromatolite dolomites with mudstone horizons). Laterally, the assemblages are variable in terms of thickness and lithology.
Stratigraphic position of the pre-Vendian section is open to discussion. From general geologic framework, it follows that these deposits were formed prior to the Early Baikalian collision, manifested extensively on the adjoining Yenisei Ridge-i.e., no later than 800-850 Ma; however, the timing of inception of the Baikit basin remains poorly constrained. Some workers [Khomentovsky and Nagovitsin, 1998; Kraevsky and Pustylnikov, 1991] believe that the Baikit anteclise contains no deposits older than 1100-1150 Ma, while others assign the pre-Vendian deposits to the PaleoProterozoic [Vinogradov et al., 1998 ]. We allow for broad development of Lower-Middle Riphean rocks in the stratigraphy [Khabarov et al., 1996 [Khabarov et al., , 1998 ]. K/Ar dating on "pure" stromatolite-dominated carbonate rocks, where potassium is associated chiefly with microinclusions of hydromicaceous clay material in crystal lattice defects of carbonate minerals, shows Vedreshevsky stromatolite limestones to be no younger than 1400 Ma (1390±30 and 1464±90 (1σ) Ma). Deposits of the upper Yurubchensky Sequence have K/Ar age of ca. 1270 Ma (1290±36 and 1220±95 (1σ) Ma); Kopchersky, ca. 1100 Ma; and the youngest rocks (upper Yuktensky and Iremekensky Sequences), 1015±40 and 1030±30 (1σ) Ma. Unfortunately, these age determinations are featured by large error margins; but, nonetheless, they permit constraining the likely minimum age of the carbonate assemblages.
Within the Baikit anteclise, Holes Yu-30 and K-5 have penetrated syndepositional doleritic sills, documented among sandstones at the base of the Riphean sequence and at the faulted boundary between Riphean strata and granite-gneiss basement. Petrographically and geochemically, these rocks are classed as subalkaline dolerites with elevated proportions of Ti-magnetite and Ti-augite. The Yenisei Ridge is a complex fold-and-thrust structure formed mainly in the course of the early Baikalian collision (ca. 850 Ma) and modified during subsequent geologic events. The Riphean is represented by a thick (10-12 km) assemblage of laterally variable siliciclastic, carbonate, and volcano-sedimentary rocks. The latter gravitate toward the western zones. The section is divided into four Groups, in ascending order: Teisky, Sukhopitsky, Tungusiksky, and Oslyansky, overlain with angular unconformity by Upper Proterozoic (Baikalian and Vendian) sequences (Figure 2) . The Sukhopitsky Group is divided into six formations: Kordinsky terrigenous-carbonate (up to 700 m thick), Glauconite K-Ar dates of ca. 1100 Ma have been reported from the Pogoryuisky Formation, from the top of the Krasnogorsky Formation (1007±15 Ma), and from the base of the Dzhursky Formation (924±40 Ma). Also available are age determinations (ca. 850 Ma) from granites cutting through the Tungusiksky Group deposits [Shenfil, 1991, and references therein] . According to these data, carbonate rocks from the upper part of the Sukhopitsky Group are no older than 1100 and no younger than 1000 Ma, while those from the Tungusiksky and Oslyansky Groups are constrained between 1000 and 850 Ma.
Analytical Methods
Estimating variations of Sr isotopic composition in marine basins requires samples in which Sr was, during sediment deposition, in isotopic equilibrium with sea-water Sr, and which remained a closed system with respect to Sr subsequently. For this reason, we selected least recrystallized samples with minimum silicate component. Precise location of samples in surface exposures on the Yenisei Ridge and in drillholes in the Baikit anteclise is given in [Khabarov et al., 1999 [Khabarov et al., , 2002 . Alteration degree of carbonate rocks was assessed from petrographic, geochemical (Mn/Sr, Fe/Sr, Rb/Sr), and isotope geochemical data (δ 18 O and the difference (∆δ 13 C) between δ 13 C carb. and δ 13 Corg.). Meanwhile, carbonate rocks, even slightly recrystallized, represent a heterogeneous system recording the outcome of a complex interplay of both syn-and postdepositional processes; accordingly, each component of such a system may have its distinctive Sr isotope ratios. For this reason, within each sample, fragments were identified with distinctive macro-and microscopic characteristics, which were then studied separately. To identify the most reliable initial 87 Sr/ 86 Sr ratios, stageby-stage decomposition of limestones and dolomites was also applied in development of the approach of [Gorokhov et al., 1995] . During the first stage, samples (or their fragments) were treated with 0.01N HCl, and then 2-4 successive fractions obtained from dissolution of carbonates in 0.1N HCl were collected. The fractions of dissolved carbonate (usually second and, less frequently, the rest of the fractions) in which 87 Sr/ 86 Sr, elemental ratios such as Mn/Sr, Fe/Sr, and Rb/Sr, and Rb contents were the lowest were considered to be the most suitable. All the reagents used were put to repeated purification. Chemical processing was carried out in a special room using quartz and fluoroplastic vessels.
Sr isotopic composition was studied in the dissolved fraction, evaporated until dry, using chromatographic extraction of Sr and Rb isotopes. Sr and Rb isotopic compositions were measured on a MI 1201-T mass spectrometer using rhenium filaments. Instrument performance stability was controlled using a VNIIM SrCO3 standard, whose composition remained within 0.70811±15 in the course of measure-ments. Rb background was 7×10 −10 g, and Sr background, 1×10 −9 g. Carbon and oxygen isotopic compositions were measured on a Finnigan D mass spectrometer (with a 0.1 o /oo error margin), and Ca, Mg, Fe, Mn in soluble fraction of carbonate rocks were measured by atomic absorption on a SP9 PI UNIKAM installation (with an error margin no greater than 5%).
Dolerite samples for 40 Ar/ 39 Ar dating collected from drillcores were rinsed repeatedly in distilled water and 1N HNO3 to remove drilling mud and carbonate microadmixtures. Charges of 50-80 mg from sample fragments in the form of 0.1-0.25 mm particles were irradiated on a nuclear reactor following the procedure required in Ar-Ar studies.
While constructing the variation curve of Sr isotopic composition for pre-Vendian carbonate deposits of the Baikit anteclise and Yenisei Ridge, the lowest 87 Sr/ 86 Sr ratios obtained from samples or their fragments were taken into account, because secondary processes, as a rule, increase initial values.
Results and Discussion

Postdepositional Alteration of Carbonate Rocks
Estimating the degree of postdepositional alteration of rocks is viewed as a necessary step in isotope geochemical studies [Asmerom et al., 1991; Brand and Veizer, 1981; Derry et al., 1992; Gorokhov et al., 1995; Veizer, 1983; and others] .
Petrographic charactreistics of the rocks. Most samples from the deposits of the Baikit anteclise are represented by dolomites that formed through the earliest diagenetic replacement of calcareous sediment and vigorous isotope exchange with sea water. The lower part of the carbonate section contains abundant ministromatolites and laminites with well-preserved fibrous textures. Because of their crystallographic peculiarities, these textures indicate that the original sediment was most likely represented by aragonite [Grotzinger and Read, 1983] . On the Yenisei Ridge, samples were collected mainly from limestones.
The carbonate rocks exhibit varying degree of recrystallization. Limestones are usually only slightly recrystallized, retaining a significant proportion of primary micritic material. Primary textures are especially well preserved in limestones of the Dashkinsky Formation of the Oslyansky Group. Weakly recrystallized dolomites also largely preserve the micritic component in grains and matrix. In the more strongly recrystallized varieties, coarsely crystalline dolomite is developed in patches and veinlets affecting grains and intergrain spaces. Rocks are observed where only relics of primary sedimentary texture survive. Under pervasive recrystallization, primary texture is completely obliterated.
Available data show that recrystallization does not expressly control Sr isotopic composition in the studied rocks. [Brand and Veizer, 1981; Knoll et al., 1995; Sochava et al., 1996; Veizer, 1983; and others] .
Analyzing geochemical charactreistics of the samples and their fragments and the covariation between 87 Sr/ 86 Sr and Mn/Sr, Fe/Sr, Rb/Sr values has shown that in terms of Mn/Sr and Fe/Sr ratios, all the dolomite samples, even using moderately rigorous criteria adopted for limestones, fall with clearly altered rocks, and it is only in terms of Rb/Sr ratios that some of the samples can be classed as unaltered. Meanwhile, geochemical charactreistics of the dolomites are overall nonuniform, with Mn/Sr, Fe/Sr, and Rb/Sr ratios ranging widely and correlating poorly with the initial 87 Sr/ 86 Sr values (Tables 1, 2) .
The studied dolomites are low in Sr (12.8-77 ppm; mostly, below 40 ppm). Similar Sr contents are recorded in dolomites from other regions and are sharply dissimilar from those in limestones, where Sr contents are no lower than 100 ppm and occasionally above 1000 ppm. The higher Sr contents of limestones are due to the fact that ion radii are appreciably different for Sr and Mg, with the result that Sr enters calcite lattice more readily than dolomite lattice [Veizer, 1983] . For this very reason, dolomites are in many cases enriched in Mn and Fe [Veizer et al., 1992a] . Hence, geochemical criteria may reflect, on the one hand, actual postdepositional alteration of dolomites, and, on the other, their crystallochemical features, while Sr isotopic composition may remain close to initial. Therefore, in assessing the degree of alteration of dolomite, in contrast to limestones, we used less rigorous elemental ratios: Mn/Sr < 2.5, Fe/Sr < 60, Rb/Sr < 0.005. Besides, we took into account the contents of Mn (< 200 ppm), Fe (< 2000 ppm), and Rb (chiefly, <0.5 ppm). For limestone samples, we used more rigorous elemental ratios: Mn/Sr < 0.5, Fe/Sr < 5.0, Rb/Sr < 0.001.
In the studied samples, δ 18 O is usually above −5 o /oo, and it is only in limestones that it drops to −10-12 o /oo. Sr values departing from initial ones. Between the "least altered" and "altered" samples, one can place a group of "moderately altered" ones, some parameters of which (usually, good Rb/Sr characteristics) stay within adopted boundary values, while others (especially, Fe/Sr ratios) overstep the boundary values just slightly. Figure 1 . Sample location and the correlation of drilled sections are given in [Khabarov et al., 2002] .
Variations of Initial Sr Isotopic Composition
In plotting the variation curve of Sr isotopic composition in pre-Vendian carbonate deposits of the Baikit anteclise and Yenisei Ridge, we took into account the lowest 87 Sr/ 86 Sr ratios obtained from samples or their fragments, because deuteric processes, as a rule, increase initial values. Note that geologic data rule out the likelihood of postdepositional processes that might have depressed Sr isotope ratios (e.g., isotope exchange with interlayered oceanic mafites with low 87 Sr/ 86 Sr ratios). At the same time, the primary nature of positive 87 Sr/ 86 Sr anomalies is far from being evident, because using the adopted geochemical criteria, samples from these intervals are mainly classed as altered, with likely resetting of Rb/Sr and Sr/Sr isotope systems through isotope exchange between carbonate rocks and fine siliciclastic deposits. The available data, however, suggest that radiogenic Sr contamination of carbonates took place primarily in clayey and clayey silty carbonate rocks, and it often eludes recording even in thinly interbedded "pure" dolomites and mudstones. Within positive 87 Sr/ 86 Sr anomalies, samples are recorded not infrequently that should be classed as weakly altered, based on geochemical criteria.
Let us address variations of Sr isotopic composition in the studied sections (Figures 1, 2) Formations: pn -Pechenginsky, kd -Kordinsky, ss -Sosnovsky, al -Aladinsky, dg -Dzhursky, sn -Shuntarsky, sk -Sery Klyuch (sk-16a, sk-2. (a, b).7 -samples from the Angara section), rb -Rybinsky (Dadyktinsky), ds -Dashkinsky. Samples are tied to the base of each Formation under study. Data listed are from the least to moderately altered samples (except those from the Pechenginsky, Kordinsky, Sosnovsky, and Aladinsky Formations). Sample location and the correlation of sections are given in [Khabarov et al., 1999] . 
Geodynamic Implications of the Results Obtained
Based on present-day data on Sr isotopic composition, the 87 Sr/ 86 Sr evolutionary curve in the Proterozoic ocean can be imaged as an Early to Late Proterozoic ascending trend, modified by highs and lows [Asmerom et al., 1991; Brasier and Lindsay, 1998; Derry and Jacobsen, 1988; Derry et al., 1992; Faure, 1986; Gorokhov et al., 1995 Gorokhov et al., , 1998 Hall and Veizer, 1996; Kuznetsov et al., 1997 Kuznetsov et al., , 2000 Mirota and Veizer, 1994; Pokrovsky and Vinogradov, 1991; Semikhatov et al., 1998; Veizer et al., 1992a Veizer et al., , 1992b Vinogradov et al., 1998] (Figure 3) , which seemingly agrees with the available isotope ages. At the same time, data from the Baikit basin are at odds with the available world data because of the low 87 Sr/ 86 Sr values within the 1100 Ma positive anomaly. This might be due to the fact that our own K/Ar ages are reset, and depositional age of the upper part of the preVendian section may be older than 1100 Ma. Accordingly, Figure 3 gives two options (A and B) for age assignment of the 87 Sr/ 86 Sr curve for the Baikit basin. Results obtained for the Lower and Middle Riphean deposits of the Baikit anteclise and from elsewhere on the Siberian craton [Gorokhov et al., 1995; Pokrovsky and Vinogradov, 1991; Vinogradov et al., 1994] , from the Bashkir anticlinorium [Kuznetsov et al., 2000] , and from the Belt Supergroup, North America [Hall and Veizer, 1996] imply that seawater Sr isotope composition at that time was appreciably less radiogenic than assumed formerly [Derry and Jacobsen, 1988; Faure, 1986] . Not only do these results change significantly the notion of Sr isotopic composition in the MesoProterozoic world ocean, but they also testify to vigorous processes of the breakup of the Early Proterozoic supercontinent and ocean formation as early as the beginning of the Meso-Proterozoic. The low (less than 0.705) Sr isotope ratios, documented over a timespan of more than 250 m.y., are due primarily to rifting and seafloor spreading, involving mantle Sr supply to the ocean. These conclusions agree well with the data on the evolution of the Yenisei [Kontorovich et al., 1996] , Grenville [McLelland et al., 1996] , Vitim-Patom [Bozhko, 1995; Bukharov et al., 1992; Dobretsov and Bulgatov, 1991;  and others], Zambezi [Oliver et al., 1998 ], and some other Meso-Proterozoic oceans, which closed at the Meso-Neo-Proterozoic transition or were transformed into Neo-Proterozoic to Paleozoic oceans.
The highest Sr isotope ratios (in relatively altered samples, 0.706 or higher) are recorded from the upper Sukhopitsky deposits, dated at ca. 1100 Ma, in good agreement with the available data from the Siberian craton [Bartley et al., 2001; Gorokhov et al., 1995] and from other continents [Derry and Jacobsen, 1988; Faure, 1986] . The increase in Sr isotope ratios correlates to the closure of oceans and formation of a new major continent of Rodinia during the Grenville events [Dalziel et al., 2000; Powell et al., 1993] .
Deposits younger than 1060-1040 Ma exhibit 87 Sr/ 86 Sr values declining gradually to 0.7050-0.7051. A similar trend is recorded in the section of the upper-Middle and basalUpper Riphean on the Turukhansk uplift [Gorokhov et al., 1995] , although Sr isotope ratios there do not drop below 0.70522. These data show that the Late Riphean depression on the Sr isotope curve must have been more considerable and protracted than previously believed [Veizer et al., 1983] . The imminence of expanding the inferred timespan of the Late Riphean "mantle event" has been acknowledged by Gorokhov et al. [1995] . Geologic data, by and large, are not inconsistent with this eventuality. Thus, at 950-1050 Ma, a pulse of rifting of the African paleocontinent is recorded [Borg, 1988] . Simultaneously, oceanic crust was being generated vigorously in the Arabian-Nubian paleocean [Quik, 1990] . On the other hand, such low 87 Sr/ 86 Sr ratios are at odds with the long-lasting existence of the supercontinent of Rodinia between 1000 and 750 Ma [Dalziel et al., 2000] . Even assuming that the rifting of the supercontinent was initiated at ca. 850-900 Ma, as per [Timmons et al., 2001] , still for a timespan of more than 100 m.y. the continental Sr flux with high 87 Sr/ 86 Sr ratios must have maintained relatively high Sr ratios in sea water at the beginning of the NeoProterozoic. No such regularity, however, has been recorded in an express form. Apparently, the increase in continental Sr supply into the ocean was relatively short-lived and coincided with the culmination of the Grenville collisional events at ca. 1100 Ma, with a brief period of continental highstand. This corollary is in concert with the data on Precambrian rifting evolution [Khabarov, 2000] . The pre-Baikalian Late Riphean is an epoch of intensive growth of biogenic buildups. In major epicontinental basins of northern Eurasia, North America, China, and India, recorded is broad development of thick stromatolite bioherms and biostroms indicative of extensive continental flooding.
Sea-water Sr isotopic composition reflects global events Figure 3 . Variation curves of sea-water Sr isotopic composition in the Precambrian, (1) from published data [Asmerom et al., 1991; Brasier and Lindsay, 1998; Derry and Jacobsen, 1988; Derry et al., 1992; Faure, 1986; Gorokhov et al., 1995 Gorokhov et al., , 1998 Hall and Veizer, 1996; Kuznetsov et al., 1997 Kuznetsov et al., , 2000 Mirota and Veizer, 1994; Pokrovsky and Vinogradov, 1991; Semikhatov et al., 1998; Veizer et al., 1992a Veizer et al., , 1992b Vinogradov et al., 1998 ] and in the Baikit (2) and Yenisei (3) basins, Eastern Siberia. A and B, alternative options for chronological assignment of the 87 Sr/ 86 Sr curve for the Baikit basin.
in the upper geospheres; hence, time variations of 87 Sr/ 86 Sr ratios in the ocean are of interest not only to geodynamic reconstructions, but also for extracting the eustatic signal on relative sea-level variation curves, since changes in Sr isotope ratios are indirectly related to eustatic events [DePaolo, 1986; Qing et al., 1998 ].
Comparing 87 Sr/ 86 Sr trends and rock assemblages formed at different positions of the relative sea level (Figure 1) shows that in certain cases, lows on the 87 Sr/ 86 Sr curve correlate well with transgressions and relative sea-level highstands (the middle portion of the Yuktensky and lower parts of the Yurubchensky and Kuyumbinsky Sequences), while high Sr isotope ratios correspond to sea-level drops (the Dolgoktinsky and the lowermost Yuktensky Sequences). These data suggest that the most likely eustatic signal (in particular, sea-level drop) in sedimentary record of the Baikit basin is documented in Dolgoktinsky time (ca. 1250 Ma). These results correlate well with the δ 13 C curve [Khabarov et al., 2000 [Khabarov et al., , 2002 .
